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Diuretics are commonly used in critically ill patients with acute kidney injury (AKI) and fluid
overload in intensive care units (ICU), furosemide being the diuretic of choice in more than
90% of the cases. Current evidence shows that other diuretics with distinct mechanisms
of action could be used with good results in patients with selected profiles. From
acetazolamide to tolvaptan, we will discuss recent studies and highlight how specific
diuretic mechanisms could help to manage different ICU problems, such as loop diuretic
resistance, hypernatremia, hyponatremia, or metabolic alkalosis. The current review tries
to shed some light on the potential use of non-loop diuretics based on patient profile and
give recommendations for loop diuretic treatment performance focused on what the
intensivist and critical care nephrologist need to know based on the current evidence.
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INTRODUCTION

Diuretic use in the intensive care unit (ICU) has been controversial due to the fear of inducing or
aggravating hypovolemia, especially in hemodynamically unstable patients under vasopressor use or
with concomitant acute kidney injury (AKI). This long-lasting belief stems from the conception that
hypovolemia has a central role in the development of AKI during ICU stay as a causative factor or as
an important contributor to septic AKI, the most frequent form of AKI in the ICU (1).

Publications during the last 20 years have shifted the focus away from hypovolemia as the main
or more important causative agent of AKI, and we now know that AKI is a complex syndrome with
many different causes and complex pathophysiological pathways, not entirely understood, that
needs a more personalized and focused approach (2). It has been a common practice in the ICU to
administer fluids as a reflex to undifferentiated hypotension, oliguria, rising creatinine, or high
lactate (3). That practice was reinforced with the results of the River’s study of early goal-directed
therapy in septic patients in 2001 (4) that heavily influenced the first Surviving Sepsis Campaign
Guidelines in 2004 and, since then, all the hemodynamically management in the ICU (5). Early
goal-directed therapy has finally been shown as a flawed concept after three big randomized
controlled trials (RCTs) had shown no benefit with respect to conventional resuscitation in the ICU
(6). However, a liberal fluid approach is still widely used and advocated on the basis of the deep
influence that early goal-directed therapy has had during the last 20 years.
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Liberal use of fluids is accompanied by the hard price of
congestion. Lung congestion has been a feared enemy in the ICU
and a landmark study in 2006 showed for the first time that a
conservative approach to fluid management in patients with mild
acute respiratory distress syndrome was beneficial in terms of
ventilator-free days with no more AKI and a tendency to reduce
the use of renal replacement therapy (7). Since then a number of
observational data have consistently shown that a positive fluid
balance is an independent risk factor of mortality in ICU patients
and especially the ones with AKI with high central venous
pressure (8), as a surrogate of congestion, playing a potential
role in the development or worsening of AKI (9, 10). That link
has grown lately with the advent of point of care ultrasound to
evaluate not only lung but also systemic congestion through
assessing venous Doppler tracings of the inferior vena cava,
suprahepatic, portal, and renal veins with the recently described
venous excess score that has shown association between systemic
congestion and AKI development in post cardiac surgery
patients and cardiorenal syndrome (11, 12).

Congestion is an everyday concern in the ICU, and despite
the fact that most data are of observational nature, diuretic use
seems to be beneficial if it avoids/limits congestion with the
desired fluid balance in patients with AKI (13, 14).

Many questions remain open and good evidence from
prospective RCTs await to define the role of diuretics in the
ICU, but we feel that having a more profound pharmacological
knowledge of the different types of diuretic drugs and their use in
typical clinical scenarios in the ICU can be of great value to the
critical care/nephrology clinicians.
CARBONIC ANHYDRASE INHIBITORS

Mechanism of Action
Carbonic anhydrase (CA) is an enzyme found in red blood cells
and other tissues including the kidney. Fourteen isoforms have
been identified, two of which are fundamental in acid–base
homeostasis by the kidney: type II, which is found in the
cytoplasm of epithelial cells of the proximal tubule and in the
intercalated cells of the distal part of the nephron (known as
“aldosterone-sensitive distal nephron” [ASDN]); and type IV,
which is found in the luminal and basolateral portion of the cell
membranes of proximal cells, as well as in the thick portion of
the ascending limb of the loop of Henle and in intercalated
“alpha” cells of ASDN (15, 16). Its main action is in the proximal
tubule of the kidney, where it allows the reabsorption of
bicarbonate, sodium, and chloride.

Carbonic anhydrase inhibitors (CAI) block the action of this
enzyme. The main example of this type of diuretic is acetazolamide.
By inhibiting this enzyme, themain effect is that sodium bicarbonate
is excreted along with excess water. In response, a reabsorption of
ammonia (NH3+) occurs at amore distal level, ultimately resulting in
metabolic acidosis. The diuretic effect is weak, but it can enhance the
loop diuretics’ effect when used together since more sodium arrives
into the thick ascending limb of the loop of Henle. Additionally,
acetazolamide has intrinsic renal vasodilatory effects, protecting the
nephron against ischemia–reperfusion damage. Finally, it also blocks
Frontiers in Nephrology | www.frontiersin.org 2
bicarbonate reabsorption along the distal tubule by acting on ASDN
(17, 18). The reader canfind the sites of diuretic action in thenephron
in Figure 1.

It is known that the use of this diuretic generates tolerance
when used for more than 48 h, with a decrease in natriuresis;
thus, it is not recommended to use it for more than 3–4 days per
week or for more than two consecutive days in order to sustain
its desired diuretic properties (19).

The pharmacokinetic characteristics and dosage of
acetazolamide are shown in Table 1 (20–22).

Potential ICU Indications
In case offluid overload, acetazolamide used in combination with
loop diuretics is an option to explore. The DIURESIS-CHF study
included 34 acute heart failure patients on loop diuretics with
fluid overload. All of them had a serum sodium concentration <135
mEq/L and/or serum urea/creatinine ratio > 50 and/or an
admission serum creatinine increase of >0.3 mg/dl compared to
baseline. Patients were randomized to receive acetazolamide 250–
500 mg daily plus bumetanide or high-dose bumetanide. The
primary end point was natriuresis after 24 h. The study found
that addition of acetazolamide increased the natriuretic response to
the loop diuretic compared to an increase in loop diuretic dose, but
there was a non-significant trend towards lower all-cause mortality
or readmissions for heart failure (23). On the contrary,
acetazolamide use was associated with a trend towards higher
decline in renal function during decongestive treatment (>0.3 mg/
dl rise in creatinine within 72 h). Urinary output was not described
and the study did not specify if patients were admitted in critical
care units.

In the ICU setting,metabolic alkalosis is a commonfinding, and
it is associated withworse outcomes (24). It is frequently iatrogenic,
owing to the administration of diuretics or steroids but also as a
result of permissive hypercapnia by lung protective strategies,
chronic obstructive pulmonary disease (COPD) patients, or
nasogastric suctioning. Therefore, apart from its potential use in
diuretic resistance, acetazolamide could be useful when metabolic
alkalosis coexists, especially that caused by loop diuretics. Also,
theoretically, by correcting metabolic alkalosis, it may increase
minute ventilation and improve oxygenation, which could
facilitate weaning from mechanical ventilation (25). However, in
2016, Faisy et al. published the first RCT evaluating the effect of
acetazolamide vs. placebo on the duration of invasive mechanical
ventilation in patients with COPD, and found no differences (26).

We can conclude that in the ICU setting, acetazolamide could
play a role in the treatment of congestion, especially when high
doses of loop diuretics are used and associated with metabolic
alkalosis. In other context, such as COPD with mixed pH
disorders, it could be considered when congestion is present.

Adverse Events
Acetazolamide may worsen hyponatremia, hypokalemia, and
metabolic acidosis due to its mechanism of action. Patients who
take acetazolamide on a long-term basis are at increased risk of
developing calciumphosphate lithiasis due to increased urinary pH
anddecrease inurinary citrate (27).That shouldnot be aproblem in
the ICU setting unless patients already have stones.
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Likewise, other effects that may be caused are those related to
the sulfonamide family, such as immunological reactions with
various skin manifestations (toxic epidermal necrolysis Stevens–
Johnson syndrome), hepatic toxicity (fulminant hepatitis,
increased risk of encephalopathy), anaphylaxis, or blood
dyscrasias (agranulocytosis, thrombocytopenia, aplastic anemia,
and thrombocytopenic purpura).

For all these reasons, its use is not recommended in patients
with advanced liver disease, or in patients with hyponatremia,
hypokalaemia, and metabolic acidosis (27).
OSMOTIC DIURETICS

Mechanisms of Action
Osmotic diuretics are freely filtered at the glomerulus but poorly
reabsorbed in the tubules. Mannitol is the main example of this
Frontiers in Nephrology | www.frontiersin.org 3
group, and its mechanism of action is completely different from
the other diuretic agents as they do not directly interfere with
electrolyte reabsorption mechanism. In the proximal tubule and
loop of Henle, mannitol increases osmolarity and, consequently,
tubular fluid reabsorption is diminished. Furthermore, other
mechanisms play a role in its diuretic action. Its hemodilution
effect increases total renal blood flow, and at the same time, the
decrease in plasma colloid osmotic pressure can increase
glomerular filtration rate (15). In addition, the role of mannitol
as a protective agent in AKI is based on the release of intrarenal
vasodilating prostaglandins and natriuretic peptides as well as on
its oxygen-free radical scavenger properties (28).

ICU Indications
One classical renal indication for the use of mannitol was the
prevention of AKI because of its potential effect in the removal of
obstructing tubular casts, dilution of nephrotoxic substances in the
FIGURE 1 | Sites of diuretic action in the nephron. “K+-sparing agents” refers to the epithelial sodium-channel inhibitors (e.g., amiloride and triamterene) and
mineralocorticoid-receptor antagonists (e.g., spironolactone and eplerenone). NaHCO3 denotes sodium bicarbonate. Na+ refers to sodium ions, K+ refers to
potassium ions, and Cl- refers to chlorine ions. H2O refers to water. ENaC refers to epithelial sodium channel.
TABLE 1 | Pharmacokinetic characteristics and dosage of acetazolamide.

Drug Bioavailability Half-life Duration of effect Dosage

Acetazolamide 60%–100% orally 6–10 h 8–12 h 250–500 mg qd for 48 h
July 2022 | V
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tubular fluid, and reduction in the swelling of tubular elements via
osmotic extraction of water. Mannitol has been recommended by
some authors for the treatment/prevention of rhabdomyolysis-
associated AKI, when a urinary output of 300 ml/h or higher is
not achieved despite adequatefluid resuscitation (29). Its properties
as a myoglobin-related oxygen-free radical scavenger may support
its use in this condition. However, current knowledge states that
mannitol use is not superior to saline therapy alone (30).
Collectively, there is no current evidence that administration of
mannitol gives additional benefit beyond adequate hydration in
patients at increased risk of AKI, and even for contrast-induced
nephropathy, the use ofmannitolmay be detrimental (31). A recent
systematic review and meta-analysis of mannitol as prevention of
ischemia–reperfusion injury in kidney transplantation showed a
decrease in the incidenceofAKIanddelayedgraft function, aneffect
possiblybeyond its diuretic effect since an increase inurinaryoutput
was not observed in the evaluated studies (32). A survey reported in
that study disclosed thatmannitol is prescribed in about two-thirds
of renal transplant units worldwide. The use of mannitol in
neurocritically ill patients is also common in the presence or for
the prevention of intracranial hypertension; however, the
discussion of such use is beyond the scope of this review (33).

In patients with fluid overload, mannitol is contraindicated
due to its extracellular expansion effect, which can precipitate
pulmonary edema in susceptible patients (15).

We can conclude with current evidence that its renal
indication should be focused on kidney transplant surgery,
where there is wider evidence.

Adverse Effects
Even though mannitol does not interfere directly with electrolyte
physiologic mechanisms, it can inhibit water transport and
consequently decrease the tubular ability to reabsorb Na+ and
thus lead to hyponatremia. In addition, the increased distal
delivery of Na+ ions can lead to K+ loss. According to the
subsequent increase in serum osmolality, mannitol expands the
intravascular volume, which can further result in dilutional
hyponatremia. If high doses of mannitol are used, hyperkalemia
can be observed due to the movement of K+ out of the cells (34).

It is important to note that high accumulated doses of
mannitol (>200 g per day or accumulated doses of >800 g)
have been associated with AKI due to renal vasoconstriction and
tubular toxicity, a condition known as osmotic nephrosis. During
the time mannitol is being administered, plasma osmolality and
the osmolal gap (i.e., the difference between the measured and
calculated serum osmolality) should be monitored frequently
and therapy should be discontinued if adequate diuresis is not
achieved or if the osmolal gap rises above 55 mOsm per kilogram
(35, 36).
LOOP DIURETICS

Furosemide is the diuretic of choice inmore than90%of the cases of
AKIwithfluid overload.Numerous studies have demonstrated that
use of loopdiuretics to achieve greater volume removal is associated
with improved outcomes since they can also be useful for reducing
Frontiers in Nephrology | www.frontiersin.org 4
the severity of hyperkalaemia and acidosis. Although some studies
have suggested that loop diuretics can worsen AKI outcome and
increase mortality, these studies are probably flawed with the
inclusion of cases of hypovolemic AKI (37). In fact, this
suggestion has been rejected by numerous randomized studies
(38). As an opposite misconception, theoretical benefits for loop
diuretics have been described, such as producing a “resting state” in
cells of thick ascending loop of Henle via Na/K/2Cl pump
inhibition, which could be a therapy for AKI prevention.
Unfortunately, there is no evidence of lower mortality or faster
kidney function recovery with loop diuretics in patients with AKI
(39), although when used in the context of fluid overload, loop
diuretics may help in the recovery of AKI through alleviation of
renal congestion (40, 41). More data will be necessary to confirm
these findings.

Mechanism of Action
Loop diuretics act on the thick ascending limb of the loop of
Henle, blocking the secondary active transport of NaK2Cl
(NKCC-2) out of the tubule lumen and producing natriuresis
that is accompanied by diuresis, with greater loss of water than
sodium, resulting in the production of hypotonic urine. This is
accomplished especially by the disruption of the osmotic
gradient in renal medulla that reduces the ADH-dependent
concentrating ability of the collecting ducts. Loop diuretics
arrive at the tubule lumen through active secretion via the
human organic anion transporter (h OAT) system in the
proximal tubule from where it is transported to the luminal
NaK2Cl receptor (42).

Administration and Dosage
There has been controversy about which strategy—either bolus
or continuous infusion—is better. The delivery time of loop
diuretics to its receptor within the tubular lumen correlates well
with diuretic response in both animal and human models (4).
Continuous infusion produces less variability in peak plasma
furosemide concentration resulting in a consistent plasma drug
concentration, with a more predictable diuretic effect.
Theoretically, that could reduce diuretic resistance and side
effects (dyselectrolytemia and ototoxicity) (43).

RCTs mostly in the context of decompensated heart failure
show that there is no difference between continuous infusion and
bolus of furosemide for all-cause mortality, length of hospital
stay, and electrolyte disturbance, but continuous infusion is
superior to bolus administration with regard to diuretic effect
(44, 45).

Before starting continuous infusions, if severe oliguric AKI is
detected, furosemide stress test (FST) is recommended before
continuous infusion as a functional test to predict progressive
AKI and in order not to delay RRT initiation (46, 47). The test
consists of a one-time dose of 1.0 or 1.5 mg/kg depending on
prior furosemide exposure. The cutoff for predicting AKI
progression during the first 2 h following FST is a urine
volume of less than 200 ml (100 ml/h) with a sensitivity of
87.1% and a specificity 84.1%. The 2-h time is based on the
duration of natriuretic effect (theoretically 6 h after oral
administration and 2 h after intravenous administration) (46).
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Since the publication of the initial pilot study in 2013, there have
been retrospective and prospective validations of this cutoff (47).
Also, this initial bolus or “loading dose” allows continuous loop
diuretic infusions to immediately reach peak effective levels that
may be critically important in patients with severe congestive
heart failure.
Furosemide Resistance in ICU
The development of diuretic resistance in ICU depends on post-
diuretic sodium retention, reduced tubular secretion of the drug,
and reduced sodium/chloride sensing.

The increase in Na reabsorption in the distal and collecting
ducts offsets the blockade of Na reabsorption in the loop of
Henle. This phenomenon is more frequent in chronic loop
diuretic therapy because of the hypertrophy and hyperplasia
that is developed with time in the epithelial cells of the distal
tubules (48). This problem can be handled with the addition of
distal duct diuretics (more information in Section 5).

Another mechanism of diuretic resistance in the ICU is
hypoalbuminemia, which impairs furosemide delivery to the
proximal tubule lumen and affects drug efficacy since furosemide
is 95% bound to albumin in plasma. Administration of intravenous
albumin with furosemide can increase urine output after albumin
administration, but its use is controversial. A recent metanalysis
including 13 RCTs revealed that furosemide with albumin co-
administration increased urine output by 31.45 ml/h in
comparison to furosemide treatment alone. The diuretic effect
was better in participants with low baseline serum albumin levels
(<2.5 g/dl), high prescribed albumin infusion doses (>30 g), and in
thosewithbaselineCr>1.2mg/dl. The effectwas greaterwithin 12h
after administration. Of note, high heterogeneity across studies was
detected (49). No studies have shown benefit in patients with
normal blood protein levels.

Also, hyponatremia and hypochloremia are known to
correlate with diuretic resistance since chloride regulates
diuretic sensitive tubular sodium transporter and low sodium
could decrease the diuretic effect (50). High-saline solutions have
been proposed as a possible therapeutic solution. In patients with
acute decompensated heart failure, the simultaneous use of
hypertonic saline solution and furosemide is more effective
Frontiers in Nephrology | www.frontiersin.org 5
than furosemide alone, as they correct hyponatremia and
hypochloremia (50) Otherwise, the optimal dose, duration, and
concentration combination of this approach remain
undetermined since study protocols are not uniform. In the
largest study conducted by Paterna et al. in 2011, the
combination of 150 ml of NaCl 1.4%–4.6% (depending on Na
concentration) during 30 min with high doses of furosemide was
proposed (51).

Other Loop Diuretics
When compared to furosemide, torasemide and bumetanide
have a more favorable pharmacokinetic profile because of their
greater bioavailability, but their use is uncommon in the ICU. In
that scenario, differences seem less important since oral diuretics
are not frequently used (Table 2) (20–22, 52).

Only one randomized clinical trial assessed the effects of
torasemide versus furosemide on renal function in cardiac
surgery patients recovering from AKI after continuous renal
replacement therapy. Both drugs were effective in increasing
urine output, but torasemide showed a better dose-dependent
diuretic effect (53). As for patients with heart failure, there is
evidence to support the use of torasemide over furosemide in
non-hospitalized patients. Through additional anti-aldosterone
properties, torasemide decreases left-ventricular remodeling,
mortality, and hospitalizations compared with furosemide (54).
Nevertheless, there are no trials that have included patients in
the ICU.
DISTAL CONVOLUTED TUBULE
DIURETICS (THIAZIDES AND
THIAZIDE-LIKE DIURETICS)

Mechanism of Action
These drugs act on the distal convoluted tubule (DCT) by
blocking the Na-Cl cotransporter (NCC), increasing the
excretion of sodium, chloride, and potassium. In addition,
some molecules of these families have a certain inhibitory effect
on CA, increasing its natriuretic effect (e.g., chlorthalidone).
Secondary to this inhibition, greater amounts of sodium and
TABLE 2 | Loop diuretics characteristics and dosage.

Characteristic Furosemide Bumetanide Torsemide

Bioavailability (%) 10–100 80–100 80–100
Affected by food Yes Yes No
Half-life (h)
In renal dysfunction
In hepatic dysfunction
In heart failure

1.5–2
2.8
2.5
2.7

1
1.6
2.3
1.3

3–4
4–5
8
6

Onset (min) oral 30–60 30–60 30–60
Onset (min) intravenous 5 2–3 10
Relative potency compared
to furosemide

1 (40 mg oral = 20 mg ev) 40 (1 mg) 2 (20 mg oral =20 mg ev)

Dosage Start 40 mg IV
Maximum recommended dose: 20 mg/h if
continuous infusion

Start 1 mg IV
Maximum recommended dose: 2 mg/h if
continuous infusion)

Start 20 mg
Maximum recommended dose 20 mg/h if
continuous infusion)
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chloride reach the collecting duct, leading to an increase in Na
reabsorption through the Cl-independent apical epithelial sodium
channel (ENaC), causing a luminal negativization that stimulates
the secretion of K+ ions and H+. On the other hand, there is a
conservation of calcium due to increased reabsorption, such as
Na+, in the proximal tubule as a compensatory mechanism as well
as an increase in calcium reabsorption in the distal tubule due to
the increase in the 3 Na+/Ca2+ counter-transporter of the
basolateral membrane (promoted by the decrease in
intracellular sodium) and by the opening of cationic voltage-
gated channels due to intracellular negative polarization
[mechanism mediated by “transient receptor potential channel
subfamily V member 5” (TRPV5) (15)]. Pharmacokinetic
characteristics and dosage of thiazide and thiazide-like diuretics
are described in Table 3 (20–22).

Potential ICU Indications
This diuretic family is the most commonly used when loop
diuretic resistance is present in patients with fluid overload. Côté
JM et al. reviewed a database of 7,645 ICU patients requiring
more than 1 mg/kg/day of furosemide (MIMIC-III database) and
found that nearly half of patients who received continuous loop
diuretic infusion or intravenous albumin during their ICU stay
also received a second class of diuretic, and thiazide plus loop
diuretic was the most frequent combination. The net effect was
an increase in 24-h urine output similar to that produced with
CAI, but use of thiazides was associated with a greater weight loss
at 48 h. On the other hand, a substantial increased risk of
electrolyte disturbances, mainly hypokalemia, was found (55).
The indication of this combination for increasing urine output
and negative fluid balance is also recommended by European
Heart Failure Guidelines when diuresis remains inadequate with
loop diuretics (56).

The presence of ICU-acquired hypernatremia (IAH) is
another theoretical potential indication in the ICU setting.
IAH appears mainly from disturbances in water and sodium
homeostasis, including salt overloading and inadequate water
administration. Hypernatremia might help in specific scenarios
such as the treatment of cerebral edema by raising serum
osmolarity but the degree of hypernatremia that could be
Frontiers in Nephrology | www.frontiersin.org 6
achieved without leading to excess mortality is unknown (57).
Unfortunately, van IJzendoorn et al. conducted the first placebo-
controlled trial that found that 25 mg of hydrochlorothiazide did
not significantly affect serum Na or urinary Na in patients with
IAH (58).

We can conclude that DCT diuretics should be the first
option when furosemide resistance in fluid overloaded patients
in the ICU, especially in acute heart failure and also to be
considered when hypernatremia is present.

Adverse Effects
The potential adverse events are related mainly due to electrolyte
changes (hyponatremia, hypokalemia, metabolic alkalosis, and
hypercalcemia) secondary to its mechanism of action. In
particular, attention should be paid to hyponatremia, when
thiazides are used in combination with upstream diuretics. As
they do not affect the medullary osmotic gradient, thiazide do not
impair the ADH-dependent concentrating ability of the
collecting ducts, and this leads to higher net sodium loss in
comparison with water. Attention should also be paid to allergic
reactions as they also have a cross-reactivity with sulfonamides
(27) (more information in Section 2).
DISTAL POTASSIUM-SPARING
DIURETIC AGENTS

Mechanism of Action
This pharmacological group includes those molecules that directly
block ENaC (amiloride and triamterene) and the mineralocorticoid
receptor antagonists (spironolactone and eplerenone). They act on
the distal cells of the DCT, connecting tubule, and on the cortical
portion of the collecting tubule (ASDN) inhibiting Na+ reabsorption
through ENaC, causing a decrease in K+ and H+ secretion by
depolarizing the negative luminal-transepithelial gradient.
Furthermore, amiloride and triamterene reduce the urinary
excretion of Ca2+ and Mg2+. By acting at such a distal level,
where Na+ reabsorption represents <3%, its diuretic effect is lower
compared to those described previously. A peculiarity of
spironolactone and eplerenone is that they are the only diuretics
TABLE 3 | Pharmacokinetic characteristics and dosage of thiazide and thiazide-like diuretics.

Drug Oral bioavailability Relative potency Estimated half-life Estimated time of effect Dosage

Hydrochlorothiazide 70% 1 (25 mg) 2.5 h 12–18 h 12.5–100 mg qd/bid
Max 200 mg

Chlorothiazide 9%–56% (dose-dependent) 0.1 (250 mg) 1.5 h 6–12 h 250–500 mg qd/bid
Max 1000 mg

Bendroflumethiazide 100% 10 (2.5 mg) 3–10 h 18 h 2.5–10 mg qd/bid
Max 10 mg

Chlortalidone 65% 1 (25 mg) 47 h 24–72 h 12.5–100 mg qd
Max-100 mg

Indapamide 93% 20 (1.25 mg) 14 h 24–36 h 2.5–5 mg qd
Max 5 mg

Metolazone 65% 10 (2.5 mg) NA 24 h 2.5–20 mg qd
Max 20 mg
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that do not need to be secreted into the luminal portion of the
tubules to exert their effect (15). Pharmacokinetic characteristics and
dosage of potassium-sparing diuretics can be found in Table 4
(20–22).

Potential ICU Indications
In the field of intensive care, these drugs are not used regularly
due to their poor diuretic effect and the risk of developing serious
complications such as hyperkalemia. Experimental data have
shown that administration of spironolactone could prevent renal
injury induced by ischemia–reperfusion in rats (59), but Barba-
Navarro et al. carried out a randomized placebo-controlled trial
in which spironolactone or placebo was administered before and
after cardiac surgery and found that the incidence of AKI was
higher for the spironolactone group (60).

Furthermore, in the study conducted by Côté et al. from the
MIMIC-III database, the combination of these drugs with
furosemide was actually associated with a reduction in the 24-
h urine output with a reduced risk of hypokalemia and without
increasing the incidence of hyperkalemia (55).

We can conclude that these drugs should not be used to treat
congestion or to prevent AKI but could play a role when
congestion is under control but persistent hypokalemia exists
due to other diuretics.

Adverse Events
The most frequent complication of this diuretic group is the
development of hyperkalemia, this being dose-dependent and
with a higher risk in patients with CKD or those taking
potassium supplements, angiotensin-converting enzyme/
angiotensin receptor blockers, anti-inflammatory drugs, beta-
blockers, heparin, or ketoconazole. It can also cause metabolic
acidosis. Amiloride and triamterene accumulate in renal failure
while triamterene accumulates in liver cirrhosis; thus, they
should be avoided in such scenarios. A noteworthy effect of
triamterene is that it can precipitate in the urinary collecting
system and cause obstruction at that level (27).
VASOPRESSIN RECEPTOR ANTAGONIST

Mechanism of Action
Vasopressin receptor antagonists act at the most distal level of the
nephron, specifically by inhibiting the vasopressin V2 receptors
(ADH) of the principal cells of the collecting duct, whose function
Frontiers in Nephrology | www.frontiersin.org 7
consists mainly of solute-free water reabsorption, being a
fundamental mechanism of the renal ability to concentrate urine,
through the activationof a cAMP-mediatedpathwaywhose result is
the transport of aquaporins to the luminal membrane with the
subsequent reabsorptionoffreewater. For this reason, theyareoften
known as “aquaretics”. There are three receptors in the body for
antidiuretic hormone or vasopressin (ADH). Thesemolecules exert
their action by competitively inhibiting such receptors: conivaptan
on V1a/V2 while tolvaptan, mozavaptan, and lixivaptan act
selectively against V2, and have the advantage of being
administered orally. The only ones currently approved are
conivaptan and tolvaptan (15).

Potential ICU Indications
Excluding euvolemic hyponatremia due to SIADH, which is not
the focus of this review, its main indication is hypervolemic
hyponatremia refractory to fluid restriction. There is a lack of
evidence in the ICU setting but evidence in hospitalized patients
support its use to correct hyponatremia (61).

Loop diuretics may exacerbate sodium and water imbalance
and worsen hyponatremia. Fluid restriction, the first step to
control hyponatremia, is often difficult to achieve in clinical
practice and aquaresis presents an advantage over other
diuretics, since removal of water is not accompanied by
elimination of sodium and other electrolytes.

In the outpatient setting, SALT 1 and SALT2 randomized
placebo-controlled trials examined the effect of tolvaptan on
hypervolemic and euvolemic hyponatremia of diverse causes in
448 patients. They were conducted primarily without mandated
fluid restriction or a change in the patient’s medication regimen,
such as use of diuretics. Tolvaptan was effective in increasing
serum sodium concentrations as well as urinary output at day 4
and day 30. The percentage of patients who were under other
diuretic treatment was not specified (62).

In a hospitalized non-ICU setting, the EVEREST randomized
placebo-controlled trial that included 4,133 patients evaluated the
effects of tolvaptan initiated inpatients hospitalizedwithheart failure.
Primary end points were all-cause mortality (superiority and
noninferiority) and cardiovascular death or hospitalization for
heart failure (superiority only). Secondary end points included
changes in dyspnea, body weight, and edema. All patients received
standard heart failure therapy, including diuretics. Tolvaptan had no
effect on long-term mortality or heart failure–related morbidity. It
improved hyponatremia, dyspnea, edema, and body weight, and
serum sodium with renal function preservation (61).
TABLE 4 | Pharmacokinetic characteristics and dosage of potassium-sparing diuretics.

Drug Oral bioavailability Relative potency Estimated half-life Estimated time of effect Dosage

Triamterene 50% 1 (50 mg) 2–5 h 2 h 100–150 mg bid
Max 300 mg

Amiloride 15%–25% 10 (5 mg) 21 h 6 h 5–20 mg qd
Spironolactone 65% NA 1.6 h (15 h active metabolites) 24–48 h 12.5–50 mg qd

Max 50 mg
Eplerenone NA NA 5 h NA 25–50 mg qd

Max 50 mg
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There are currently no trials that have assessed tolvaptan in
the ICU scenario; however, some authors support its use for
increasing diuresis without major hydroelectrolytic alterations.
Ruiz-Ramos et al. reported the first case series of six ICU patients
who had fluid overload and used tolvaptan during the recovery
phase of septic shock. Five patients were previously treated with >60
mg of furosemide without achieving negative fluid balance. The
authors described that all patients achieved an increase in diuresis
after tolvaptan use, without important adverse events (63).

We can conclude that tolvaptan can have a role in the
treatment of fluid overload with hyponatremia, as it can
improve hyponatremia while urinary output is increased.

Adverse Effects
The most frequently observed side effects are derived from its
mechanism of action, mainly thirst, dry mouth, and polyuria.
Episodes of ventricular tachycardia have also been described. It
hasbeendescribed tocause liver damage; thus, it is recommended to
avoid it in patients with known liver disease (27).
NEW DRUGS—SODIUM-GLUCOSE
COTRANSPORTER-2 INHIBITORS
(SGLT2I) OR GLIFLOZINES

Mechanism of Action
Gliflozines are a novel class of antidiabetic drugs that have
demonstrated great benefits regarding cardiovascular and
kidney protection as well as in the treatment of heart failure
with or without diabetes (64, 65). They act by inhibiting the
sodium-glucose cotransporter-2 (SGLT-2), located in the
proximal tubule, and responsible for the reabsorption of 90%
of filtered glucose. Because of this, they promote glucosuria and
thereby increase urine osmolality, forcing an osmotic effect,
increasing by this way diuresis. Moreover, while inhibiting this
cotransporter, coupled with sodium, this cation reabsorption is
also supressed, leading to natriuresis. It has been proposed that
natriuresis would also result from a decrease in Na+/H+

exchanger (NHE3) and bicarbonate flux in the proximal
tubule, mimicking acetazolamide’s mechanism of action (66).
As a result, theoretically, by these concomitant mechanisms,
SGLT2i increases diuresis and therefore can reduce extracellular
fluid volume by natriuretic and osmotic diuretic effect. However,
in patients treated with SGLT2, the increase of diuresis is reduced
or even disappears after 72 h, probably due to activation of
urinary concentration through stimulation of urea production
and vasopressin action (67). Therefore, the proven cardiorenal
protection of these agents may rely not only on its mere osmotic
diuresis but also perhaps through the activation of specific
metabolic pathways driven by the energy-wasting glycosuria,
which may benefit function and longevity (68).

ICU Indications
SGLTi is such a novel treatment that its indications are restricted
to the treatment of T2DM and, most recently approved, the
treatment of heart failure with reduced ejection fraction, both in
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the ambulatory setting. In patients hospitalized for acute
conditions, there is a risk for euglycemic ketoacidosis with
these drugs (see below) (69). Therefore, more studies will be
necessary to demonstrate organ protection in acute patients. In a
recent randomized placebo-controlled trial of patients admitted
for COVID-19 infection, the administration of dapagliflozin
showed a trend to multiorgan protection, including AKI. Out
of the 1,250 included patients, 3.8% in the dapagliflozin group vs.
5.6% in the placebo group had AKI during admission (70).

In the heart failure field, DAPA-HF and EMPEROR-Reduced
placebo controlled trial included patients with HYHA II–IV with
reduced ejection fraction and proved that the risk of worsening
heart failure or death from cardiovascular causes was lower
among those who received dapagliflozin and empagliflozin,
respectively64,65. In both studies, patients were receiving the
standard treatment, which could include diuretics. The drug
also proved to be beneficial in the renal field in patients with and
without diabetes. The recently published DAPA-CKD study
included patients with eGFR 25–75 ml/min and albumin/
creatinine ratio 200–5,000 mg/g with or without diabetes, and
they found that the risk of CKD progression was significantly
lower in those treated with dapagliflozin compared to placebo
with a median follow-up of 2.4 years (71).

This combination of heart and renal benefitsmakes this diuretic
a promising tool for hospitalized patients too, where other diuretics
are commonly used. A recent randomized placebo-controlled
crossover study conducted by Griffin et al. included 20
hospitalized patients with type 2 diabetes and chronic stable heart
failure and found that following the administration of bumetanide,
a significant synergistic effectonnatriuresiswasobserved inpatients
receiving empagliflozin both during the day 1 and day 14 visits.
They propose that the cardiovascular and nephroprotective effects
of this drug aremediatedby thenatriuretic actionof SGLT2i instead
of the glucose control (72). On the other hand, a substudy of
the EMPA-RESPONSE-AHF placebo-controlled trial and, for the
first time, including hospitalized patients did show an increase in
plasma osmolality and glycosuria but without affecting FeNa. This
study did not specifically analyze patients under loop diuretic
treatment, but distribution was equal between groups
(73).Considering all of this, we need more studies in hospitalized
patients with fluid overload in order to analyze their diuretic power.

Adverse effects
The most common side effects we are aware of are urinary tract
infections and genital mycotic infections. Two important adverse
events that have been described are the major incidence reported
for Fournier gangrene (necrotizing fasciitis of the perineum) and
the development of euglycemic diabetic ketoacidosis (74).
EPIDEMIOLOGY OF DIURETIC USE IN
THE ICU

Diuretics are the main tool to treat fluid overload, but there are
few guidelines regarding the most appropriate diuretic strategy
in critically ill patients. McCoy et al. (75) studied the patterns of
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diuretic use in ICU in the largest contemporary database. They
analyzed 46,037 adult ICU patients from 2001 to 2012 and found
that nearly half of the patients took diuretics during admission.
The most common diuretic was furosemide in 94.4% of the
patients and only 22.1% used combined diuretics at some point.
The median furosemide dose was 20 mg and only increased to 40
mg when serum creatinine was >3 mg/dl. Fourteen percent of the
furosemide use was in continuous infusion, but interestingly,
30% did not receive a bolus on the day of infusion initiation
despite the recommendation of a loading dose to allow
continuous infusion to work faster (47). Diuretic combination
was more common in cardiac units where loop diuretics +
thiazide combination was given to 6.1% of ICU admissions,
probably regarding the European Heart Failure Guideline
recommendations (56). This study reflects that diuretic
combinations are not common in ICU probably because of
concern about dyselectrolytemia, despite being a well-known
method of overcoming loop diuretic resistance.

Moving to diuretic resistance, Cote used the same database to
analyze ICU adults requiring more than 1 mg/kg/day of
furosemide in order to describe the efficacy and safety of
different pharmacologic strategies to promote negative fluid
balance in critically ill patients (55). When it comes to diuretic
combination, out of the 6,358 patients included, 1,811 received a
second diuretic, with thiazides being the most common (62%)
followed by CAI and distal potassium-sparing diuretics. Always
compared with loop diuretic bolus alone, in terms of efficacy, the
combination of thiazides and CAI was associated with both
higher urine output (p < 0.001) and weight loss at 48 h (p <
0.01). On the other hand, the most effective diuretic strategy in
terms of fluid balance and urinary output at 24 h was loop
diuretic continuous infusion, but this advantage was not
maintained at 48 h, where results tended to be similar to
combined diuretics. This finding seems to be in agreement
with thiazides’ delayed peak of action compared to loop
diuretics. In terms of safety, the risk of severe hyponatremia
events was more frequent with thiazide combination (OR: 1.71,
95% CI: 1.08–2.69) and for severe hypokalemia (OR: 2.28, 95%
CI: 1.70–3.06), despite adjustment for the dose of potassium
supplements. The coadministration of a loop diuretic with a
distal potassium-sparing diuretics was associated with a reduced
risk of hypokalemia without any change in the risk of
hyperkalemia. As for CAIs, they also increased the risk
of hypokalemia (OR: 1.81, 95% CI: 1.57–2.10) and reduction of
bicarbonate and pH by −0.02. They also observed that
continuous infusion was associated with hypokalemia (OR:
1.60, 95% CI: 1.47–1.74) and increase in serum chloride. This
study shows that despite the fact that continuous loop diuretic
infusion seems to be the more effective in terms of fluid balance,
diuretic combination can play a role in maintaining fluid balance
after 48 h. Thiazides should be avoided when hyponatremia and
hypokalemia are expected during continuous infusion and
combination strategies. In this study, the acetazolamide–loop
diuretic combination was associated with a similar efficacy
compared to the more commonly used thiazide–loop diuretic
combination but reduced serum bicarbonate and pH while
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increasing serum chloride, such that adverse events should be
considered before prescription.

Our diuretic combination recommendation can be found in
Figure 2, and a summary of diuretics use in fluid overload is
shown in Table 5.

Diuretic Use in Special Population
Cirrhotic patients are a special population in which diuretic use to
treat congestion remains a challenge in ICU (76, 77). Splanchnic
arterial vasodilation due to portal hypertension leads to reduced
effective volemia and the subsequent sodium retention due to the
activation of sodium-retaining systems, such as the renin–
angiotensin–aldosterone system (RAAS) and sympathetic
nervous system, which is the mainstay of ascites formation.

Before starting treatment, a diagnostic paracentesis is
recommended in all patients with new-onset ascites to rule out
spontaneous bacterial peritonitis. Diuretics are needed to
counteract renal sodium retention in decompensated cirrhosis
with ascites and edema. As secondary hyperaldosteronism is a
major pathogenetic mechanism, aldosterone antagonists should
be first-line diuretics (starting dose 100 mg/day, increased to 400
mg/day). Furosemide is added in order to increase urinary
output (starting dose 40 mg/day, increased to 160 mg/day).

Adverse events related to diuretic therapy are common in
cirrhotic patients, requiring drug discontinuation or dose
reduction. The most commonly reported adverse events in
ICU patients are hepatic encephalopathy, renal impairment,
and hyponatremia. In order to avoid these adverse events, the
recommended negative fluid balance induced by diuretics should
not lead to a body weight loss exceeding 0.5 kg/day in patients
without peripheral edema and 1 kg/day in the presence of
peripheral edema in order to avoid plasma volume contraction.

Even though the use of albumin is the gold standard after
large-volume paracentesis in order to prevent complications
associated with the technique, its use in the case of diuretic
resistance has not been proven. Two RCTs have explored the use
of long-term administration of albumin in order to improve
control of ascites and survival, with contradictory findings (78,
79). Once ascites is refractory to diuretics, guidelines recommend
to discontinue them. When renal sodium excretion on diuretics
exceeds 30 mmol/day, maintenance of diuretic therapy can be
considered, if well tolerated.

As for nephrotic syndrome, there are no adult guidelines
available on the management of edema and volume overload,
which is also uncommonly treated in the ICU. There are two
models of edema formation in nephrotic syndrome, the so-called
under-filling and the over-filling models, both resulting in sodium
and water retention and increased interstitial fluid volume. The
under-fillingmodel proposes that the decreased circulating volume
due to hypoalbuminemia leads to renal hypoperfusion and
activation of the RAAS, and this stimulation causes sodium and
water reabsorption.Theover-fillingmodel states that changes in the
capillary endothelial filtration barrier are responsible for sodium
and water rearbsorption (20).

There is no consensus approach to diuretic treatment. It is
recommended to use loop diuretic in combination with DCT. Loop
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TABLE 5 | Summary of diuretics use in fluid overload.

Diuretic CAI Loop DCT K-sparing VRA

Indication Metabolic alkalosis
Add-on therapy when loop resistance,
2nd option after thiazides in
descompensed heart failure
COPD with mixed pH disorders
(controversial)

1st option Hypernatremia
1st add-on therapy option when
loop resistence in descompensed
heart failure

Persistent hypokalemia
due to diuretic use

Hyponatremia

Adverse
events

Dyselectrolytemia (specially hypokalemia
and hyponatremia)
Metabolic acidosis
Sulfonamide family reactions

Sulfonamide family reactions (less
common)
Dyselectrolytemia (hypokalemia,
hypocalcemia, hypomagnesemia,
hypernatremia)
Metabolic alkalosis

Dyselectrolitemia (specially
hyponatremia, hypokalemia,
hypercalcemia)
Metabolic alkalosis
Sulfonamide family reactions (less
common)

Dyselectrolitemia
(specially
hyperkalemia)
Metabolic acidosis

Liver damage
Hypernatremia

Cautions
for usage

Monitor ionogram and acid–base status
Avoid in advance liver disease

Monitor ionogram and acid–base
status
Ototoxicity (if high dose and quick
infusion)

Monitor ionogram and acid–base
status
Avoid in advance liver disease

Triamterene: avoid in
advanced kidney and
liver disease
Amiloride: avoid in
advanced kidney
disease
Monitor K+, specially if
in combination with
ACEI/ARB

Monitor
sodium levels
Avoid in
advanced liver
disease
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CAI, carbonic anhidrase inhibitors; DCT, distal convoluted tubule; VRA, vasopressin receptor antagonists; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin II receptor
blockers; COPD, chronic obstructive pulmonary disease.
FIGURE 2 | Potential indications for the combination of non-loop diuretics in the case of fluid overload in the ICU.CAI, carbonic anhydrase inhibitors.
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diuretics shouldbestartedata lowdoseandthensequentially increased
until optimal weight loss or until maximum dose. If, at this stage, the
patient remains symptomatic, a DCT should be added.

Replacing serum albumin with intravenous infusions to
improve the efficacy of loop diuretics has been investigated.
Hypoalbuminemia reduces the amount of loop diuretic that is
delivered to the tubular lumen so albumin infusion may help
overcome diuretic resisteance. On the other hand, complications
due to albumin infusion (especially hypertension) are not
uncommon, and this leads to recommending albumin infusion
only in those patients with diuretic resistance and albumin levels <2
g/dl. The recommended proportion is 10 g of albumin for each 40
mg of furosemide.
Frontiers in Nephrology | www.frontiersin.org 11
We can conclude that considering the potential benefits of
non-loop diuretics, ICU doctors can take advantage of them by
their use in a particular patient profile.
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